We consider neutrinos with varying masses which arise in scenarios relating neutrino masses to the dark energy density in the universe. We point out that the neutrino mass variation can lead to level crossing and thus a cosmo MSW effect, having dramatic consequences for the flavor ratio of astrophysical neutrinos and the composition of the relic neutrino background.
Two of the most mysterious puzzles in particle physics and cosmology concern the mechanism generating small neutrino masses and the origin of the dark energy in the universe.
There exists, however, an amazing coincidence between the order of magnitude of neutrino masses, m ν < 1 eV and the vacuum density being responsible for the dark energy, ρ V ≈ (10 −3 eV) 4 . In ref. [1] this coincidence was explained by generating sterile neutrino masses of order 10 −3 eV via interactions with a scalar field, the "acceleron". Recently a more elaborated scenario [2] was published, where the sterile neutrino mass variation is transmitted to the active sector in a seesaw framework, when integrating out the singlets under the standard model gauge group. This scenario implies the sterile neutrino masses to decrease with the cosmic evolution, while the active neutrino masses vary like the inverse neutrino density,
Here z is the cosmological redshift, w ≈ −1 defines the equation of state of the dark energy, and the neutrinos are assumed to propagate in a non-relativistic background.
Several effects to test this hypothesis have been discussed in [2] , including observation of sterile neutrino states being in conflict with big bang nucleosynthesis, conflicts of terrestrial and astronomical neutrino mass measurements, as well as the predicted relation of the dark 1 energy equation of state and the cosmological neutrino mass. Implications for baryogenesis via leptogenesis in mass varying neutrino scenarios have been discussed in [3] .
Here we focus on a spectacular effect which seems to be overlooked so far, namely the possibility of an MSW effect for cosmological neutrinos in vacuo, which is possible if the variation of neutrino masses leads to level crossing of the associated mass eigenstates (for a similar discussion in a different context, see [4] ). Such level-crossings appear naturally in a large class of models. An obvious possibility is to assume the active states being only weakly coupled to mass varying sterile states, as would be the case in [1] . Another possibility is a seesaw framework as in [2] , with some of the singlet states being light and only weakly mixed with the active states, leading to a mass matrix of the kind
Here m For illustration we consider one neutrino flavor state ν b with a mass varying according to (1) and a state ν a with a constant mass. Generalization to different scenarios is straightforward, since a flavor-blind potential doesn't enter the effective mixing angles and oscillation probabilities, and thus each logical possibility can be reduced to the chosen option.
The evolution equation in flavor space reads [5, 6] 
sin 2θ
Here m i and E denote the neutrino mass eigenstates and energy, respectively, and the mixing angle θ parametrizes the z = 0 neutrino mixing matrix. The mass squared differences as measured in present experiments and due to the cosmological mass variation (1) are
respectively, assuming w = −1. The HamiltonianH is diagonalized by the effective mixing angle tan 2θ = δm 2 sin 2θ δm 2 cos 2θ − δm 2 cosm .
The mass eigenvalues are given by
and the resonance occurs for
For an adiabatic transition, the adiabaticity parameter, evaluated at the resonance, has to be large,
where the Hubble relation, z = H 0 f (z) d with
for a flat universe has been assumed [7] . The cosmological parameters are given by H 0 = 70 km/(s Mpc), Ω Λ = 0.73 and Ω M = 0.27 (see, e.g. [8] ), so that f (z) ≃ 1 for small z and f (z) ≃ 0.5(1 + z) 3/2 for large z. Since H 0 ≃ 10 −33 eV, adiabaticity is easily fulfilled, even for PeV neutrinos. In this case, the Landau-Zener-Stückelberg probability P LZS = exp − π 4 γ vanishes, and the oscillation probability is given by
It is interesting to note, that, contrary to the common MSW effect, the cosmo MSW effect depends via (5) on both z and m ν0 , and thus exhibits information on absolute neutrino masses. For consistency and level crossing, m In the following we calculate the oscillation probabilities for neutrinos from distant astrophysical sources and for the relic neutrino background (CνB).
While local neutrino sources such as a supernova in the Large Magellanic Cloud are not significantly affected by cosmological neutrino mass variation, neutrino telescopes may be sensitive to neutrinos from active galactic nuclei (AGN's) at distances of 1000 Mpc (z = 0.3) and energies of a PeV [9] . The corresponding effect on the absolute neutrino mass is
In this case the cosmological mass squared difference can be significantly larger than the atmospheric mass squared difference, δm 2 atm = 2.6 · 10 −3 eV 2 , assuming neutrinos with O(1 eV) masses. Thus we consider neutrino conversion over the absolute mass gap triggered by the CHOOZ angle θ 13 = 0.1, and obtain
It is obvious that the flavor ratios of astrophysical neutrinos obtained may significantly deviate from the expected [10] ratio of 1:1:1 after decoherence. On the other hand local astrophysical sources such as SN87A in the LMC would not exhibit this effect. Such a distance dependent characteristic flavor composition would provide a strong evidence for neutrino mass variation. It also could be a unique possibility to study the parameters triggering the neutrino mass evolution, such as the acceleron potential. It should be stressed, though, that a clear signature of this effect can be spoiled by neutrino overdensities both at the source as well as in the galactic neighborhood, which fake the cosmological level crossing.
While typical neutrino source candidates such as AGN's bear large neutrino densities, the neutrino propagation in these backgrounds occurs on small time scales, while the neutrinos are extremely high energetic, thus the process is probably not adiabatic so that the resulting neutrino spectra are clearly distinguishable from the cosmological level crossing advertised in this work. Since these subtleties depend strongly on the astrophysical source, on the neutrino mass spectrum and on the scenario for mass variation chosen, a detailed discussion is beyond the scope of this work. It should be kept in mind though, as a possible caveat.
For the relic neutrino background, which became non-relativistic at z ≈ 10 4 the effect is obviously most dramatic,
For small mixings sin θ e4 ≈ 0.1, mass squared differences δm 2 ≈ 1 eV and an absolute mass m ν0 = 2 eV, as can be assumed in 3+1 and 3+2 neutrino models to accomodate the LSND signal [11] , such a resonant conversion can become extremely effective,
and could transform sterile neutrino relics almost totally into actives and vice versa. The composition of the relic neutrino background may be significantly altered, giving rise to large flavor asymmetries. This would imply important consequences for the Z-burst model of ultra-high energy cosmic rays, where extreme energetical neutrinos scatter resonantly on the CMB in the galaxy's 50 Mpc neighborhood [12] . Heavy sterile neutrinos could cluster significantly during structure formation, and could be subsequently converted resonantly into the heaviest active state ν τ .
In conclusion we discussed the effect of level-crossing in a mass-varying neutrino scenario.
The resulting MSW effect in vacuo is the same for neutrinos and antineutrinos, unlike the common MSW effect in matter. It can lead to effective ν e − ν τ conversion of neutrinos emitted in active galactic nuclei, and can significantly alter the flavor composition of the relic neutrino background. For example, assuming a 3+1 or 3+2 neutrino spectrum, sterile neutrino relics can be converted almost totally into actives and vice versa.
